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g I LOW LATITUDES

e by

. Charlse L. Jordan

o University of Chicage

s Summary - A latitudinal profile of the mean geostrophic deviation
. }. :?s computed frem surface and low level wind data and surfags pressurs

: _jgra&ien%s. The resulting geostrephic deviation is discussed in tverms
.of the equations of motione.
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in the meteorolegical literature the question arises perpstually
%e what exten: the gscatrophio wind speed is a valic approximatior te
the trus wind speed in low latitudese This study attempts to establish
ths mean magnitude of the departurs of the sctusi wind speed from the
geostrophic by considering low level data over the cceans.

~_Direct oompariscn of the wind st the top of the leysr of surface
friotional influencs with the geostrophic wind speed at that level was
not pos-ibles Instead, thia study has heen carried out by (a) oomparing
the 2000 ft wind spsed at low latitude stations with the geostrophie
indicated by the sea level iscbars and (b) by comparing the geostrophioe
speed with a sorrected™ wind speed obtained by adding to the surface
wind s factor to compensats for friotiom.

Only ths-total wind speed hes been usad in the quantitative traat-
went of the data. However, inm ressoning I{rom the results ccrtain con=
slusions are reschéd in regard to the relation betwesa the actual and
geostrophio wind directiors. Observational studies have indicated that
the angular turzding near the surface ie guite smell over the oceans when=
aver the lapse rate i: steepe. RIshl and coliab. [j] found the mean an=
gular turning in the zorthsast trades of the East Pacifis to be less
than 5° in ths lowest 5000 f£4. Further, Gordon 2] found the meer angu=
lar turning between the surface and 2000 £t in the North Atlentis, b0
tc 60°N, to be less than £° whenever-the lspse rais vis - car the dry
adiabatine Tn view of the nearly dry adiebstio is.se rates near the
surface over +he tropical and subirepicsl svesus in the mean, near zero
horizontal temperature gradispts end sm-il changes of wind direstiou with
height appear aulte reasonabls.

Comparicon of 7000 ft winds with the geostirophioe

ind dete from Prur T:ow intitude islend stations nuve been used teo
compute the dewiationef the 2000 £t spesd from tha geostrophics Those
wind deta and the surface ischaric spacing have been taken from the North-
eru Hemisphere Byncptis Wea*nsr Maps [3] for the period Ssptember 1549
through January 185C, - Adm ctedly, the surfase iscbars cannct be drawm
over the coeans with mumoh accurasys Howsver, averages cver & largs sum~
bar of seses should $ond o eliminats the effect of errvre of this type.
Ko salestion was made on the type of surface isobaris curvature but due
to the lesaticn of the ststions slight antisyolcnis curvature prevailied
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in the most{ cases, 5 zorrestion for 6mtnre would have resulted
in & gredient wind slightly greater than +4iis zeosimephics.

The mesn 03Z wind spsed at the 2000 £+ level {22900), the memn
reostrophis spead (2_), end the mean gecsatrcphis ueiafturﬁ (c:g - ¢2000)
are shown for +hs fo%r ‘stationz iun t’*s tuvle bslow,

g e ) : = (!?"3 s [n s
Btatiaon la%, v of r&por‘es s 2000 (x=ps) g\“‘PE) g = %2000
Bermmda 32°H 65 8et 846 1.2
Wales 19°K 72 841 1046 2.5
Johnmston  17°K 88 1040 14.2 éa2
Guan 1%°F 61 Te9 13.1 Be2

These data indicate that the geostrophic dep;rma ingreeses equatore
ward and at the iower latitudes resches a value quite large 4in somparison
with the mean wind.

*ais computed departure can be identified with the true gecatrophis
departure only 1f it is assumed that the pressure gradient remains un-
ochenged betwsen the surface and 2000 ft. The validity of this assumption
has been checked by computing from the gecstrophic thermal wind equation,
+he inoresase or decrease of the zonal wind between the surfase and 2000 ft
whieh san be attributed to the mean latitudinal temperature gradient. For
this eslioulation the thermal wind squation has been writtsn

SR H

where A& is the incremeni to be applied—to u., the zonal component of the
msan surfacs nnd;‘Tc_:_ls the surface tempsraturse T‘ is the mean temperature
between the svrface and 2000 "tﬂf‘ is +ths Boriolis -srameter and g is ths
scceleration >f gravity. AZ has been taksn as 2000 f£4 and %ﬁas the dry
adiabatic rate sinne this sal-sulation is mads-in the mized “aubalona®
iayer [4]e The mesn latitudinal temperature gradients over the Atlantio
and Pasifis Og¢ans were deisrmimed for Septembsr and November from the
Atlas sf Climatis Charts of the Oceans [5]. The dscrease of the zomnal
component betwean the surfaca and 2000 f% in mps which ocmn be attributed
to the thermal wind is showu in the follewing tables
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lat. September Nevember
10°¥ ~0.4 0
1poXN ~ 0.2 Ce3
20°N Ou4 1.2
25°N Vet 1.1
30°N Csb 1.2

These valuss samnot be taken #s sirioily cnrrest _sinss the appli-
sation of dym.mie equations to mean data is always opon to guesticae
Bowever, ths srder of mgnaﬁudo can hardly be doubted, Iha goostrophie
departure shown by the tables abews insreasss south of 20 N, wheress
the thermal soniribation apprsmchsa serc at these 1.':':1‘:'.‘.«3. Only in
the latitviss north of Z0°N w»hara the geostrephie departure is guite -
small is this ssaputes tharmal centribution cf the sams order of magni=
tuds ms the geestrophis deperture. Thus the shange of prezsure fFreaisnt

Thess roouits whnuld nut be alfscted -s;‘-;rsehbly by & lurnal verie
ation in 4he low lavel wind spaed sivss compensating chahbgss in the pressurs
gradient would hx e¥rysziad. '
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through the frictionel loyer due to ths mean latitudinal temperature gredisnt

sannoct be considered of primary significancs in explaining any deviation from
goostrorhic balanca in low latitudes.

Comparison of “oorrected® surface winds with the geostrophie

Wind data are available from only a limited number of low latitude stations,
At many of these, locel wind systems dus to orography snd surfeace heating may de
such as to distort the low lsvel flow, Consequently, this study hes been extsnded
by comparing "corrected" surfacs winds with the gecsirophic.

The mesn inorease of the wind speed from the surfece to the top c¢f the
friction layer computed by Riehl and collab, [1) from seversl months of
weather ship pibal observatiors ir the trade wind belt of the ezt Pacifio
Ocean was found to be, at most, 40 per cent of the surface wind. Tkis is
in egreement with a study by Gordon {6} for the North Atlantic. Mean
ratiocs of the surfacs and 1 lm wind camputed rrom wind records of several

1low latitude ship stations for the fall ard wirter of 1945-46 are shown in the
‘tablif_bolwo

S— e —————
s p—

Number of- ‘Mean KRatic
Ship Stations Observaticns 1 km to sfo wind
270K - 1250W 43 1.1
26CF - 149°W 30 I.3
220R - 1340F 115 1,2
189 - 165°E 29 1,2
17°N = 130°E 20 1.1
1 N - 1549E 41 1.2

In addition tc indicating ratios 1sss than 1.4, in agreement with Riehl and
Collab., and Gordon, these data show that any letitudinal wvariation in the ratio
must be rather insignificant. The near dry adiabatic low level lepse rates which

are.in gsnscar present over the tropical and subtropical oceans contribute tc the
constancy of this ratio.

On the basis of the evidence presented above it appesars that over the oceans
multipliocation of the surface wind speed by 1.4 should give a vtlge in the mean
larger than the meen observed wind in the region of 2000-3000 ft.° Thus the
oompurison of geostrophic and observed winds wes extended by using a corrected
wind {0o)s Which was obtained by multiplying ths surface wind by l.4, and the
geostrophic wind (e_.) which wes determined from the sea level isobars. Only
at those times when the pressure gradient wes well-defined could the geostrophic
wind be datermined. Consequently, the wind values throughout this study are some-
above the average for the respective letitudes,

The statistiocal sample for this study was obtained from the Northern Hemi~
sphere Synoptic Weather Maps {3), (7). A sample of about 1400 observations wes
takxen from the Atlantic and Pacific Oceans between 7°N and 38°N from the periods
Ootober 1946 to January 1546 and January to Aoril 1548, The reports were from
moving ships, etationary shipy stations, e¢nd smell atolls,

2Sim:;e conditions over the low latituce oceans are guasi-barotropio in a
rathar deep layer, mean speeds in the region 2000~40C0 f% can be c¢onsidered
eszsentitily those at the top of tne friotian laysr, the meen depth of whieh ia
not imown,
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auch sas Johnston and Kmmisieir, Reports from larger islexd grours such a3
the Philippires and the Antililes were xnot used. Ine wind reporis used ware
located in well-defined pressure patierns with siight anticyclornie or
zeglible curwsture.

For esch wind réport $,. s, and s g, ware dstermined. These were
groupad im beits of 4° lstitude width {nd mean values wers aalsulated, The
principel results are shown by figures I and 2, Since tha 1.4 fastor im
general gives & cafrested wind greater then the actual and sinece the anti-
syslonic curvature has met beez corrested for, the compuited geostrophie
departure, ¢, = o,, should represent & minimm valus of ths estuel departure.
The eomputed gecstrophic Jeparture spproaches zerc near %008 (Fig, 2) end
inoreaass both portiwmrd ard goutiward. South of 320F the incresse follows
& Rooth ourve and reachea i derarture cf about 10 mpes usar i0°N. The inecreace
of thermai atabilit wycoins for the increase of the gecstrophis departure
-orth of 30°H (of :%4?

The geostrophic depsrivre expressed as a persectage of the corrected wind
is showa in figure 3. Sinae ths corresied wind is near 12 mps at all latlitudss,
%he sbape of figars 3-1a not ezsemtiaily different from figure 25 South of
5°l the deperturs is greater than 60 per sent of o, snd south of 1CCN the
.dfpu‘hurc exseeds o, by more thanm 100 per seni,

The table beiow shows that the departures reed from the curve of
figure 2 ag-es clomely wik those computed for the four stations in the
Drevious s»3tion,

. e —rpe- = N S B T S A T A IOE DR X TS
= = e e T

8tation Sg 52000 Lat, ; o c;'—_’es -
o \from Figo &)
Barmuda 142 mpa 32°% 100 upe
Wuke 26 19°¥ 204
Iohnsbon %02 17°% 3.8
Guam ol 13%% € o0

Both sets of data pressuted-above indicate that the devisiion of she
astual wind speed from the gecsirsphic becomes progreasively larger with
desraasing latitods, Purther, the sloces ag*omfﬁ: ‘betwsem *ress indepandent
oalsulations leads to greater confidonoo in the acturagy of figare 2,

It might appear thet ‘he very large departures south of 15°¥ sould
be biesed by the fackt that xralysis errors whioh tendsd to srowd the isobars
would be more likely then thoas ir the opporite sense. This would appesr
psrtisulariy likely since the pressura graiients ars weask srvd sinse this
latitude zane is aear the ejustorward limit of ithe ADdlysige Eowswer, the
following oheok 414 not mmaﬁ my bilas ir this sernse, The mean gejsstrophlis
depertiure was m;,z.t\ed from Northern Hemizphera Synoptic-Mapy [%:! 28 &bove,
for Jume ani Ju’y 1945 in the region of tvhe Karshali Zalends, During this
period the low Istitude data ir that ares were greatly ircreased, dus to the
atomis bomb teats at BrlEcl, and the prsssure analysis should have Lisc more
*alietle, The mesn zecstrophis depsriure -omputed rom DU TIpoThs duping -
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these two months at 11--12°N was 7.8 mps, compe:ed to about 7.5 mps from
figure 2.

Pigure 4 showe ths percentage of reports iu esach latitmde belt in
which the gesstrophic was greater than the corrected wind. Practioally all
reperis in the lowest latitudes show o,>c, while near 30°K, 0, is nearly
oqually distributed above and below c_. The computed departure oannot be
sppiled to individual wind reports '1§h any degree of oconfidence sinoe at
any time the change of wind speed through the friction layer may deviate
annreciably from the 40 per cent inoreasze wsed in this study and sinse the
geostrophle wind usually cannot be determined with any degree of ascuraoy.
Eowever, {igure 4 shows that ir over S0 per cent of the ocases south of 15°N
letitude it should be expeoted that the geostrophio wind would be an ocver-
estimate and that .n the mean the deviation of the geostrophioc from the
actual would be at least as large as that shown by figure 2.

Implications

It is logioal to question whether the large geostrophic depa- cures shown
by figure 2 are physiocally realistio and can be interpreted in terms of the
horizontal equations of motion. The equations of motion in a natural
ocordinate systsm s, n can bs written:

de _ _ 1L 3P _
BT p 33 F

@ 0 =-F355 T+ g

where s and n are orisnted along and normal to the streamlines, respoctively,
as shown in figure 5. [ is the surface frioticnal force assumed to be
oppositoly directed to the wind velooity ¢., f is density, 4 4is the
Coriclis parametsr, ‘F is prersure and R iz the radius of ocurvature of the
trajectories. R is taken positive for antioyclonic ocurvature.

It will be assumed that san oirculation patterns in the nort!

trades, such as ghowa in fizurs 5, are suifiociently steady state so that
..9 above euuations can be appiied for order of magnitude ocalenlat

anlations,.
First, if we oconsider the balance of forces along the streamlines using

(1), this equation oan be writien:

” ¢ _ _ 1L 2P _
¥ C =" F 3 —F

simoe %% =0 in the mean pattern. Further, et points of maximu= and

<
minimr spod, for exampis point A figure 5, %5- =0

and /3) cen be

e



writtens

(4) ~ﬁ-‘g—?-F=O or fcsa F=0
where csn is the component of the geostrophic wind normal to the stream-
lines. Clearly, at the points where (4) is satisfied a balanse of forces
cen be effected only when the streamlines & component toward lower
pressure. Equatorward from the maximum %% <0 and the megnitude of

'Ce” decreases provided ths msgnitude of F remains constant or decreases.
Howavers the compousent of geostrophic wind normal to the streamlines
may incresse equatorwaurd provided the decreasze in the maganitudo of c 3 =
is over-nompensated for by the decresse of £,

If we now consiaer the forces acting rormal to the streamlines in the
antioylanicorse, such &8 shown in figure 5, (2) may be written:

a .
-

(5) f (eq,-C) + A

where ng is the component of the gecstrophic wind aiong the streamlines.
It should be noted that s balunce of forces 1s not possible in the ocase of
anticylonic curvature if Cgq > C . In the balanced case Cgg * Cg Cev 0%
where o< is the angle betwaeen sircamlines and isobers. <“hus the angle
of oross isobaric flow can be somputed if ¢_, ¢ and the curvature are known.
If wa choose the case of straight flow, R = es; then

(6) = = con [ & ]

Using wvalues ¢f o and & fro

z »%% aud Lgy nave besn compuied for
several latitudes?

Latitude o< C'Sn
25°K 23° 3.9 mps
20°K 38° 5.8
17,50 450 67
1.°N 480 712
10°N 81° 665

From the reasoning carried out with the balence of forces along the stresa~
lines, this oroes isobaric flow is necessarily directed toward lower
pressure, Additicz of a curvature term to (6) would increass the angle
of outflow in the case of anticycloniz m~urveture and desrcase it for
aycloniec curvature.

In the discussion above the sanguler turring of the wind with neiznt
has been rsglected. Fresimably, vercical mixing should contribute to a
fricticnal term with a component normal to ths wind direction at the level
in question whecever s sysuematic turning with height is present. If
the win? vesr: witi. neight, «ddition of & normal frictionel term to 5)
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would pormit a sraller angle of outflow for a given geogtrophic departure.
However, as diecussed above, obesrvational studies [:i Lc) have shown the
anguler turning in the "subcloud™ layer to be gqnite small, Consequently,

the angle of ouwtflow wanld not be sudstantially changed by introduoing a
normal friotional tsrm.

Admittedly, the oalculeticrns carried out in this section have been very
rough but they have shown that mean geostrophic departures of the magnitude
shown by figure 2 ocan be acocounted for ia the eimplified 3yautions of motion
only by introducing large oross isodbario flow. The mean streamline and
isobario patterns do interseot at rather largs angles over the tropiloal
and aubtropiosl oceans, For instance, the mean streamlines snd isobars
for the Bast Pacific (Fig- 6) show that the angle of outflow in many oases
ic as large as shown in the table ebove. Perhaps of more signifioance than
showing the magnitude of the angle of outflow, these ocaloulations have

indiocated that the diffioulties cf using and interpreting the geostrophio
wind equation south of about 20°N beocoms very great.
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Pige l. Latitudinal profiles of the
mean “corrected® surfece wind (left curve)
and mean geostrophic wind (right curve).

Fige 2. Latitudinal profile of tte
weéln gscstrophie departure repressnting

the differense between the two curves of

figure 1,
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Fige 4. Poercentage of individual
reports showing the gecstirophic wind
greater than the "oorrected®™ wind as ‘= . ® %
& funotiam of latitude. ”ﬂ 18}'0 150 W 2o

Fig. 6. NMean wind onart for & portion
of the Bast Pacific Ocean for July. 8olid
lines are isotachs in Beaufort foroe, dashed
lines are streanlines (Adapted frcz § ).
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Figs 6. Mean stremalines (sclid! and mean lsobars
(dashed) for a portlor of thas Bast Pacific Ocear for July.
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